We provide an effective Lagrangian analysis of contact non-standard interactions of neutrinos with electrons, which can be effectively mediated by extra particles, and examine the associated experimental limits. At present, such interactions are strongly constrained only for ν µ : the bounds are loose for ν e and absent for ν τ . We emphasize the unique role played by the reaction e + e − → ννγ in providing direct constraints on such non-standard interactions.
Introduction
Nowadays neutrino physics is very alive thank to the exciting measurements and results reported by atmospheric and solar neutrino experiments. They have been confirming that neutrinos do oscillate and hence they may be mixed and massive, offering us in this way important informations on the 'flavour' structure of the Standard Model (SM). In general, extensions of the SM are required to generate non-vanishing neutrino masses and mixing angles, which are supposed to originate at an energy scale much larger than the electroweak scale, for instance the grand unified scale ( ∼ 10 16 GeV). Then, as neutrino physics is susceptible to be extended beyond the SM realm, it is also conceivable that some new physics may also predict novel interactions of neutrinos with matter constituents which can be flavour changing as well as flavour conserving. The phenomenological relevance of such non-standard (NS) interactions will depend in general on the scale at which they are presumed to arise: it should be not too far from the electroweak scale. Non-standard flavour changing neutrino interactions have been invoked long ago to explain the solar neutrino anomaly (SNA) [1, 2, 3, 4] . Some time ago [2] the impact of extra ν τ interactions with electrons on the detection cross section has been also investigated in the context of the neutrino long wavelength oscillation as a solution to the SNA. The interest in neutrino NS interactions continues to increase. 1 In particular, at present two points of view can be taken: either to use solar or atmospheric neutrino data to constrain neutrino NS interactions [6] , or, on the contrary, to use solar neutrino experiments to detect signatures of neutrino NS interactions [7] . Both approaches cannot leave aside the constraints that emerge from laboratory experiments [8] . The properties of ν e and ν µ have been tested and while the accelerator constraints on ν e are still loose, those on ν µ are rather severe [8] . On the contrary, until now the ν τ properties have not been directly tested in laboratory. Indeed, the constraints on non-standard interactions rather apply to its SU (2) W -partner, the τ lepton. In this paper, we point out that neutrino NS interactions with electrons can be constrained at e + e − colliders through the reaction e + e − → ννγ. 2 It is well-known that the invisible channel reaction with photon emission provides a useful tool for measuring the number of light neutrinos [10] and for revealing new physics. We note that the constraints derived from the cross section measurements performed at LEP are the only laboratory bounds on the ν τ NS neutral current interactions and may be competitive to those obtained from ν e -e scattering as regards the ν e NS interactions. (The same bounds when applied to ν µ are not competitive with the existing ones from the elastic scattering ν µ − e [11] . ) We shall find that ν τ may have sizeable extra-interactions with electrons. This has recently pushed us [7] to investigate in detail the possibility to 'identify' the ν τ in solar neutrino elastic scattering experiments like Borexino [12] . Indeed, in view of the atmospheric neutrino data pointing to a quasi-maximal mixing between ν µ and ν τ , the solar neutrino anomaly is to be interpreted as the conversion of ν e into a state of nearly equal mixture of ν µ and ν τ . Therefore the Sun is an abundant source of τ neutrinos. While in the framework of the Standard Model this observation may sound 'academic', it becomes meaningful as soon as ν τ is allowed to have extra (neutral current) interactions and then to be distinguishable from ν µ . The elastic scattering ν-e that will be used by Borexino to detect the mono-energetic 7 Be neutrinos can be in this case the right place where to observe neutrino NS interactions with electrons. They could show up in some specific deformations of the electron energy spectrum. The observation of such an effect would simultaneously provide the signature of ν τ interactions and would be a further proof of the large mixing angle i.e. a test of the atmospheric neutrino oscillations.
The content of this paper is organized as follows. In Sec. 2 we present the effective Lagrangian describing neutrino NS interactions with electrons. Sec. 2.1 provides a derivation of the effective SU (2) W × U (1) Y invariant operators (with d ≥ 6) describing neutrino interactions with electrons. This enables us to find possible theoretical realizations of such interactions without conflicting with the experimental bounds (Sec. 2.2). In Sec. 2.3 we briefly review the present laboratory bounds on NS leptonic interactions. So we focus on the bounds on NS ν-e interactions achievable with the measurements of the cross section e + e − → ννγ (Sec. 2.4). Our findings are summarised in Sec. 3.
Non-standard leptonic interactions
Our discussion is mostly focused on neutrino interactions with electrons. In the Standard Model, those interactions are described at low energy by the following (flavour-diagonal) fourfermion operator (ν = ν e , ν µ , ν τ ):
where G F is the Fermi constant, P L,R = (1 ∓ γ 5 )/2 are the chiral projectors, and the effective couplings are:
where in g L the plus sign applies for ν e and the minus for ν µ,τ . An equivalent expression for the Lagrangian (1) is that in terms of the vector and axial electron current, i.e.
We assume on phenomenological grounds that neutrinos may also have NS weak-strength interactions with electrons described by the following four-fermion operator:
Here ε R and ε L parameterize the strength of the new interactions with respect to the Fermi constant G F and a flavour index should in general be attached, i.e. ε αR , ε αL (α = e, µ, τ ) as we shall account in the next Section. The occurrence of these extra interactions entails a 'coherent' redefinition of the NC coupling constants g L , g R for ν α e → ν α e reaction, as
In a similar way, we also define the vector and axial coupling constants of the non-standard interactions, i.e. ε V = ε R + ε L and ε A = ε L − ε R , and, correspondingly,
. Although the presentation may appear redundant, when we discuss the bounds on the non-standard neutrino couplings we shall explicitly display the allowed parameter space for both (ε R , ε L ) and (ε A , ε V ). Indeed, the former parameterization is closer to the theoretical perception, while the latter is perhaps more appropriate to the neutrino-propagation phenomenology.
Theoretical aspects: effective operator analysis
In the framework of the Standard Model, neutrino NS interactions (4) with electrons can be derived by
where l α denotes the the SU (2) W lepton doublets (α = e, µ, τ ), H is the Higgs doublet and Λ is a cutoff mass scale. 3 In the above expressions all possible SU (2) W contractions are implicitly understood and counted by the index n, while the round brackets merely indicate Lorentz contractions. The field-dependent couplings h α(n) R,L are to be understood as follows:
The h α(n)
R -expansion will give neutrino interactions with right-handed electrons (ε αR -coupling), while the h α(n) L -expansion will give neutrino interactions with left-handed electrons (ε αL -coupling). In eq. (7) the dots stand for higher-dimension operators that we omit for brevity since the explicit discussion of d = 6 and d = 8 operators is already sufficient to illustrate the main points. We can easily see that the h α(n) R -type expansion (7) produces one invariant (n = 1) at lowest order in 1/Λ 2 , and two invariants (n = 1, 2) at next order:
On the other hand, the h α(n) L -type expansion entails two invariants (n = 1, 2) for the doublets l µ,τ and one invariant (n = 1) for the doublet l e at lowest order in 1/Λ 2 , whereas at next order there are five invariants (n = 1, 2, 3, 4, 5) for l µ,τ and two (n = 1, 2) for l e :
where σ a are the Pauli matrices (a = 1, 2, 3) and we have defined
In eqs. (8-11) the brackets stand for SU (2) W contractions, whereas the Lorentz ones are understood. The symbol (· · ·) in eq. (8) just reminds us of the presence of the right-handed electron bilinear which is not involved in these contractions. The invariant operators (8-10) form a particular basis in which the singlet and triplet SU (2) W -orientation are manifest, as the symbols S and T a adopted for the dimensionless Higgs combination (11) suggest, but there are of course other equivalent bases linearly related to this one. Once SU (2) W × U (1) Y is broken by the vacuum expectation value (VEV) of the Higgs field H, H 0 = v, all the operators above become d = 6 four-fermion operators of the broken phase. It is useful to cast these effective operators in a parameterization like that in eq. (4), namely
where the dimensionless parameters such as ε αR(L) , κ αR(L) etc. are to be identified as follows (α = e, µ, τ ; β = µ, τ ):
It is understood that now the symbols S and T stand for S = v 2 /Λ 2 and
(where Y H is the H hypercharge), respectively. Notice that in the triplet-orientation T a only the third component contributes.
We have collected in L ν ef f all the desired operators involving only the neutrino current with either the right-handed or the left-handed electron current, eq. 4. However, we have more interactions which involve also the other components of the SU (2) W doublets. Among these we distinguish those which are 'observable', contained in the Lagrangians L
ef f , and all other interactions which instead are 'unobservable', collected in L (3) ef f . Here by 'observable' we mean operators which can give phenomenologically testable interactions and then are subjected to constraints. 4 Some interesting features emerge. First, consider the limit of unbroken SU (2) W . Then only the d = 6 operators are relevant. The two types of interactions with right-handed electrons have the same coupling constants (ε αR = κ αR ). As for the interactions with left-handed electrons, for α = e we have three interactions with the same coupling constant, whereas for β = µ, τ we have five interactions determined by only two coupling constants. In this limit, therefore, the stringent laboratory bounds on the effective couplings κ αL , κ αR and ζ βL in L (2) ef f and L (2) ef f would imply similar bounds also for the couplings ε αL , ε αR in L ν ef f , which by themselves are more loosely constrained. (For a recent discussion on this issue see [14] .) Now consider the effects induced by the breaking of SU (2) W . Then also the d > 6 operators play a role and can correct (or even spoil) the strong correlations among couplings described above 5 . These features are manifest in eq. (13) . It is then conceivable that the effective couplings in L
ef f be suppressed below the experimental bounds, while at the same time the couplings in L ν ef f remain sizeable. It could even happen that the underlying theory generates only the latter couplings and not the former ones. In conclusion, it is reasonable and worthwhile to explore the possible experimental relevance of neutrino non-standard interactions [7] .
In the following we shall disregard the second-generation (ν µ , µ)-couplings as these are already severely bounded, ε µR,L , κ µR,L , ζ µL < 0.01. So we shall focus mostly on the extra interactions of ν e and ν τ for which the parameters ε eR , ε eL and ε τ R , ε τ L are so far weakly bounded or unbounded, respectively.
Explicit examples for neutrino non-standard interactions
We shall briefly give two examples of interactions in the fundamental theory, at energy-scale larger than Λ, to show how the SU (2) W -universality can be concretely broken, specializing, for the sake of simplicity, to the third generation case.
• By exchanging an additional scalar SU (2) W doublet φ according to the following coupling:
we generate the leading d = 6 operators and so the first term in the expressions of ε τ R and
ef f , respectively. If H-legs are inserted in the φ-propagator, higherdimension operators (d = 8 etc.) are effectively generated. The non-vanishing VEV of H introduces SU (2) W breaking effects, as already outlined, and so generates the successive terms in the ε τ R and κ τ R -series. This amounts to saying that SU (2) W breaking effects split the masses of the components of the φ doublet, M φ + = M φ 0 , and thus generate different effective couplings for the interactions of ν τ and its partner, the τ lepton, with the electron. However, this mass splitting would contribute to the Standard Model ρ parameter and the maximally 4 However, a process such as µ + µ − → νeνe described by L
ef f could be studied at the planned muon colliders. 5 Needless to say that the emergence of large SU (2)W -breaking effects means that in the expansion (6) all higher order terms can become comparable in magnitude to the leading one, in which case a proper re-summation has to be implemented. Alternatively, once the fundamental theory is given, one could include SU (2)W -breaking effects in an exact, rather than approximate, way.
allowed ratio (M φ 0 /M φ + ) 2 can be ∼ 7 (at 90% C.L.) in the most conservative case with M φ + ∼ 50 GeV [14, 15] . Therefore the effective parameter ε τ R of L ν ef f can be at most a factor 7 larger than the present experimental constraint on the effective κ τ R coupling, κ τ R < ∼ 0.1 (see next Section).
• We can exchange some extra singlet fermion N according to these interactions:
where S is some charged scalar SU (2) W singlet, M N is the Dirac mass of the fermion N . In this case after decoupling the fields N and S, we obtain the
, which is a linear combination of the two ones shown in (8) . Finally, after H has taken non-vanishing VEV, we only obtain the interaction L ν ef f , and not the others, with Λ ∼ √ M N M S . Notice that the interactions in (15) cannot induce Majorana neutrino mass terms and therefore the mass scales M S and M N involved are not forced to be much larger than the electroweak scale. We can even have Λ ∼ 1/ √ G F , so ε τ R can be of order one.
Laboratory bounds on NS interactions
The most stringent constraints on the 'observable' interactions for the first generation come from the collisions e + e − → e + e − at LEP [15] which then constrain the interaction in L
ef f (at 95% C.L.):
where now the cut-off scale is defined, for given parameter κ eR(L) , according to 2
In what follows, the bounds on the cut-off scales will be inferred in analogous way also for other interactions. 6 As for the third generation, analogously, from the collisions e + e − → τ + τ − at LEP one also infers the most severe constraints on the couplings κ τ R,L (at 95% C.L.):
On the other hand, the strongest bound on the third-generation is that on the interaction L (3) ef f (12) that is on the parameter ζ τ L , from the decay τ → eν τνe [15] :
As anticipated in the previous Section, the ν τ -interaction in L ν ef f is not experimentally constrained and also the ν e -interaction is poorly tested by low-energy ν-e scattering experiments. Therefore we shall first review the bounds imposed by ν e -e scattering experiments. The most accurate measurement of the cross section for this elastic scattering reaction has been performed by the LSND collaboration [16] , In Fig. 1 we draw the iso-contour of sensitivity to the NS couplings (ε eR , ε eL ) (left panel) or (ε eA , ε eV ) (right panel). Notice that the allowed regions are elliptical annuli and it would be misleading to ignore correlations between, for example, ε eR and ε eL . If we ignore such correlations, we can see that most conservatively the allowed range for individual parameters is at 99% C.L.: −1.6 ≤ ε eL ≤ 0.15, (any ε eR ), −1.7 ≤ ε eR ≤ 1.3, (any ε eL ), −2.7 ≤ ε eV ≤ 0.75, (any ε eA ),
Therefore at present the (uncorrelated) bounds on novel interactions of ν e with electrons appear quite loose. Data from reactor experiments using the reactionν e e − →ν e e − [17] does not offer us better sensitivity as the experimental accuracy is of 30% at most. 7 2.4 The relevance of σ(e + e − → ννγ)
Now we would like to come to our main point, namely to derive laboratory bounds from the measurements of the e + e − → ννγ cross-section. This appears of special relevance for ν τ but we shall show that it is relevant also for ν e . To our knowledge the possibility to extract information on non-standard neutrino interactions with electrons from this process has never been discussed in the past. In the SM, the reaction e + e − → ννγ proceeds via Z-boson exchange (s-channel) and W -boson exchange (t-channel). The W contribution is involved only for the emission of the pair ν eνe . If non-standard neutrino interactions with electrons are present, they contribute coherently to this reaction. The total cross section can be written as σ = σ SM + σ N S , where σ SM is the SM cross section and σ N S includes both the pure NS contribution and SM-NS interference. The constraint |σ − σ exp | ≤ δσ exp , where σ exp ± δσ exp is the experimental result, can be written in the following form:
The ratio σ exp /σ SM should be evaluated by combining the latest experimental data with an accurate computation of the SM cross section (see e.g. [19, 20] ). On the other hand, as far as NS interactions are concerned, for our purposes it is sufficient to compute the ratio σ N S /σ SM using some approximation. In particular, we will work at tree level and use the 'radiator' approximation to describe photon emission. Thus we can write [19] :
where the cross section σ 0 for e + e − → νν, evaluated at the energy scaleŝ = (1 − x)s (s is the centre-of-mass energy), is dressed with the 'radiator' function H expressing the probability to emit a photon with an energy fraction x = 2E γ / √ s at the angle θ γ (s γ ≡ sin θ γ , c γ ≡ cos θ γ ). Using the SM couplings and the contact NS interaction (4), we find:
where g L = −1/2 + sin 2 θ W and g R = sin 2 θ W are the Z couplings to charged leptons, N ν is the number of neutrinos (fixed to three), M W , M Z , Γ Z are the W -boson mass, the Z-boson mass and total decay rate, respectively. The three lines in eq. (23) originate from the square of the Z amplitude, the square of the W amplitude and W − Z interference, respectively. In eq. (24), the terms quadratic in ε αL , ε αR originate from the square of the NS amplitude, whilst those linear in ε αL , ε αR originate fom the interference of the NS amplitude with the Z amplitude and (for ν = ν e ) with the W amplitude. We can now plug eqs. (23) and (24) into eq. (22), integrate over the photon variables and construct the ratio σ N S (s)/σ SM (s), to be compared with the experimental data through eq. (21) . In order to simplify this comparison, we will tentatively assume that the central value σ exp coincides with the full σ SM . In this case eq. (21) reads
which can be translated into bounds for the NS couplings. Using this procedure, we have obtained bounds for each specific pair (ε αR , ε αL ) (or equivalently (ε αA , ε αV )), setting to zero the other ε parameters. To obtain the cross sections σ N S (s) and σ SM (s) through eq. (22), the integration in the x variable has been performed numerically from x min = 0.1 to x max = 1. We are aware that a better analysis could be done by cutting at lower x max , below the 'radiative Z-peak return' occurring at x = 1 − M 2 Z /s. In so doing one could study the interplay between an increase in the sensitivity to non-standard couplings and an increase in the statistical error (due to the loss of events). 8 Our 'sensitivity' analysis is presented in Fig. 2 and Fig. 4 , for ν e and ν τ , respectively. In both cases in the plane (ε αR , ε αL ) (left panel) or (ε αA , ε αV ) (right panel) we have drawn the iso-contours of the experimental accuracy δσ exp σ exp taking √ s = 207 GeV. Let us first discuss the allowed ranges for ν e non-standard couplings. Notice that in this case the allowed regions become ellipses for accuracy larger than 15% or so and it makes more sense to ignore the parameter correlations in order to find the most conservative bounds (see below, eq. 26). By comparing the sensitivity curves from the ν e scattering (see Fig. 1 ) with those from the e + e − -collider reaction (see Fig. 2 ) we observe that the latter reaction becomes competitive already with a 99% C.L. precision of 50%. Now we shall try to be more quantitative. From the four LEP experiments, we have estimated (perhaps underestimated) the present 1-σ accuracy at the level of ∼ 5% [21] . Then adopting a ∼ 13% accuracy at 99% C.L., we consider as allowed parameter space the one enclosed by the corresponding contours. From Fig. 2 we infer most conservatively the following ranges: (20) shows the improvement provided by the reaction e + e − → ννγ. In Fig. 3 we have shown together the parameter space for (ε eR , ε eL ) (and (ε eA , ε eV )) allowed by the LEP (solid) and LSND (dash) data for the sake of comparison. This should help the reader to catch the correlated regions allowed by the two experiments and he/she would notice how the combination of the data restricts the allowed regions.
Analogously from Fig. 4 we infer the most conservative bounds on ν τ non-standard cou-
These ranges imply that Λ (ε τ R , ε τ L ) = (0, 0) than those for ν e around (ε eR , ε eL ) = (0, 0). This comes from the fact that, at √ s > M Z , the bounds on ε τ R , ε τ L mainly originate from the terms proportional to ε 2 τ R , ε 2 τ L in eq. (24), which go as ∼ s. In the case of ν e , the bounds on ε eR , ε eL originate from an interplay between the quadratic terms and the linear term from W interference. The latter does matter, since its milder energy dependence (∼ log s) is compensated by a larger numerical coefficient. A remark is in order. Our expression (24) and hence our analysis is correct as long as neutrino NS interactions are point-like (see eq. (4)). However, a modified analysis would be needed in case the effective NS interactions originate from the exchange of particles with masses very close to the experimental energy threshold. For instance, in the first example discussed in Sec. 2 (see eq.14)), the scalar doublet φ is exchanged in the t-channel and therefore the corresponding diagram for e + e − → νν is similar to that with W -exchange. In this case for M φ + < 200 GeV the contribution to σ N S 0 (s) quadratic in NS couplings would smoothly pass from a 'contact' behaviour ∼ s for small s to a 1/s behaviour at higher energies. 10 As a result, we would obtain looser bounds. On the contrary, stronger bounds would be derived in case of NS interactions arising from the s-channel exchange of some extra particle with mass just above 200 GeV. Indeed, the corresponding contribution would start growing faster than s at high energy. Therefore our results, obtained in the point-like approximation, are representative from this point of view of an intermediate scenario.
Finally, we have to notice that the expression in (24) is also suitable to study the effect of flavour changing neutrino interactions which would lead to the process e + e − → ν ανβ γ (α, β = e, µ, τ ; α = β). Analogously to the flavour conserving couplings discussed until now, there are so far no direct experimental bounds on neutrinos flavour-changing couplings with electrons. The existing bounds are derived from flavour universality violation and as such they apply to the charged operators involving the charged leptons.
As the process e + e − → ν ανβ γ would add incoherently to the SM one, in eq. (24) the interference terms with Z, W -diagrams should be dropped, and only the quadratic terms in ε 2 L , ε 2 R would appear. In Fig. 5 we show the sensitivity contours for this analysis. Notice that now the allowed regions are circles centered in (0,0). The associated most conservative bounds (at 99% C.L.) are:
To conclude this discussion, we add that the astrophysical bounds from the stellar evolution imply for the strength of neutrino NS interactions with electrons (4) ε αR , ε αL ≤ 1 in the most conservative case. Non-standard neutrino interactions may affect the primordial nucleosynthesis as they would maintain longer these species in equilibrium. For the sake of completeness we mention that phenomenological bounds of NS flavour-changing as well as flavour-diagonal neutrino interactions have been recently obtained by atmospheric neutrino data fitting [22] . However, we have to stress that these bounds apply to the NS vector-coupling ε αV . For the flavour-diagonal coupling with electrons (denoted as ε ′ e by the authors [22] ) we have inferred that ε τ V < ∼ 0.2 at 99% C.L.. More conservative estimates can be deduced from the atmospheric neutrino analysis performed in [6] . There, the bound obtained on the amount sin 2 ξ of sterile neutrino mixed with ν τ , sin 2 ξ < 0.8, can be translated into ε τ V < ∼ 0.4 at 90% C.L. . However, these analyses do not rule out the pure sterile oscillation which would imply ε τ V < ∼ 0.5 at 90% C.L..
Conclusions
Extensions of the Standard Model often predict new neutral current interactions that can be flavour changing as well as flavour conserving. As is well-known, scenarios with non-standard neutrino interactions with matter have been invoked to explain the solar and atmospheric neutrino anomalies. In this paper, we have discussed in detail neutrino NS interactions with electrons motivated by the fact that they can be detected in Borexino detector through the measurement of the electron energy spectrum in the reaction ν-e → ν-e [7] . First in Sec. 2.1 we have presented a general operator analysis of such non-standard interactions. This can help to figure out the features that the underlying theory has to accomplish to fulfill the phenomenological bounds. Then, the latter have been reviewed in Sec. 2.2. The bounds for both the first and third generation are tight but they apply to the couplings of the operators involving the SU (2) W related charged-lepton. On the other hand, the laboratory limits on ν e interactions with electrons have only been extracted from the measurements of the elastic scattering ν e -e → ν e -e cross section [8] . We have updated this analysis using the most recent data from LSND experiment and found that the limits are still loose enough (see Fig. 1 ). As for the third generation, there were no direct bounds on NS ν τ couplings with electrons. We have suggested to constrain novel neutrino interactions through the reaction e + e − → ννγ, measurable at e + e − colliders. Our results are shown in Figs. 2 and 4 , for ν e and ν τ case, respectively. The accuracy reached by LEP experiments constrains |ε eR | to be not larger than ∼ 0.8, while ε eL is more confined in the negative range. It would be interesting to perform a more refined statistical analysis (than that tentatively done by us and displayed in Fig.3 ) of these LEP data with those by LSND, from diffusion on electrons, to determine accurately the allowed (correlated) parameter space for ε eR , ε eL . For ν τ the allowed range looks somehow more symmetric: both |ε τ R | and |ε τ L | can be sizeable ∼ 0.5 − 0.7. We have to stress, that at variant with the atmospheric (or solar) neutrino phenomenology where only the 'vector' parameter ε αV can be tested, the measurements of σ(e + e − → ννγ) has allowed to study ε αV , ε αA in a correlated way, and to constrain for the first time non-standard couplings of ν τ with electrons. It would be desirable to exploit further the diagnostic potential of the reaction e + e − → ννγ by using polarized electron -positron beams so that to separately disentangle ε αR and ε αL . This certainly would be achieved with high accuracy in the planned Linear Collider [23] .
